Runoff from three southwest British Columbia (B.C.), Canada (Sunshine Coast), log sort yards was characterized to determine the colloidal and particulate fraction structures and the distribution of organic and metal constituents. Runoff from these sites, resulting from rainfall and on-site sprinkling, contains suspended and colloidal particles that are largely organic. At one log sort yard, the runoff receives primary treatment in a lagoon, whereas at the other sites, at the time of the study, runoff was directly discharged into the aquatic environment. The fresh runoff contained a high strength of organic compounds as determined by chemical oxygen demand (COD) analyses, which ranged from 346 to 3690 mg L -1 . For a rainfallgenerated runoff sample, particulates (particles greater than 1-2 µm) contributed up to 52% of the total COD and colloids (particles between 20 nm and 1-2 µm) 39%. Following primary treatment in the lagoon, organic compounds present were mostly colloidal. In both samples (fresh and primary-treated) zinc and aluminum concentrations exceeded the B.C. Approved Water Quality Guidelines. Primary treatment experiments revealed that 27 to 54% of the COD could be removed by settling, depending on the initial concentration. An additional 33% of COD was removed, probably due to biological degradation during the settling time. Chemical oxygen demands of the final treated effluents remained relatively high (378-533 mg L -1 ) showing that not all the suspended material could be removed through settling and biodegradation and that other treatments are required.
Introduction
Log sort yards are open areas used by the forestry industry in Canada to sort and grade logs. Most of these operations are adjacent to some form of water that could include the ocean, a lake, river or small stream. These are aquatic fish habitats into which land drainage, and in particular runoff from the log sort yard, flows. Runoff from the log sort yards occurs under all precipitation conditions. In dry weather, on-deck sprinkling of water is used for dust control and fire hazard prevention. There are many activities conducted simultaneously on log sort yards, including log sorting, some deliberate or involuntary bark stripping and frequently chipping. As a result, water landing on the deck may come in contact with metals from galvanized building structures and log bundle wires, grease and oil from industrial machinery, and organic materials from bark, chips, wet logs (from rain or water-transported logs) and leachate from fermenting wood waste (Samis et al. 1999) . A recent study conducted in British Columbia (B.C.), Canada, reported runoff events on 89% of 72 surveyed log sort yards (Orban et al. 2002) .
Although stormwater runoff from urban and agricultural areas, which may contain metals, pesticides and petroleum products, has received considerable attention from municipal, environmental and industrial regulators (de-Hoop et al. 1998; Grout et al. 1999) , aqueous discharges from log sort yards have, until recently, escaped the attention of regulators and the environmental and scientific communities. Runoff from any industrial operation is difficult to characterize, as it is often precipitationdependent and may contain a vast and varying mixture of compounds, varying significantly in concentration (Grout et al. 1999) . Furthermore, seasonal and operational variations, and wood species sorted and processed contribute to the significant variability in flow rates and constituents of log sort yard runoff. However, studies conducted in Alberta (McDougall 1996) and British Columbia (Zenaitis et al. 2002) , Canada, found log sort yard runoff to contain the following ranges of particulate and organic loading. Total suspended solids (TSS) ranged from 7 to 812 mg L -1 , five-day biochemical oxygen demand (BOD5) ranged from 4 to 920 mg L -1 and chemical oxygen demand (COD) ranged from 75 to 3740 mg L -1 . Another recent study (Bailey et al. 1999) showed that 96% of 27 runoff samples taken from 3 Vancouver Island sawmills, which are comparable to log sort yards, exhibited LC50 trout toxicity. B.C. Approved Water Quality Guidelines (BCWQG) for the Protection of Aquatic Life limits particulates in effluent entering aquatic systems to 25 mg L -1 if the background level is less than 25 mg L -1 (B.C. Approved Water Quality Guidelines 2001). Although BOD5 and COD are not regulated, organic constituents are restricted to the 30-day median of less than 20% total organic carbon (TOC) of the median background (B.C. Approved Water Quality Guidelines 2001). Thus, log sort yard runoff, in some cases, poses an environmental threat in contravention of the BCWQG and these runoff discharges are in contravention of the Canadian federal Fisheries Act (R.S., c. F-14, s. 1.). This is particularly the case with respect to rainbow trout (RT) LC50 toxicity, which is the regulatory test used to determine compliance with the Fisheries Act. Very little work has been carried out on characterization and treatability of log sort yard runoff; the work that has been done is usually focused on leachate from fermenting wood waste piles, which is very much stronger and less voluminous (Frankowski 2000) .
In order to determine the potential environmental impact of, and the type of treatment required for runoff from, log sort yards, a characterization study of runoff samples collected from three log sort yards on the Sunshine Coast of southwest B.C. was conducted. It is thought that much of the toxicity of log sort yard runoff is associated with the organic constituents, most of which are present in the form of colloids (20 nm < particles < 1.2 µm) and particulates (particles >1.2 µm). Toxic metals and chemicals, such as Cd, Cu, Pd, Zn and resin acids, are often bound to colloidal and particulate organic ligands (Manahan 2000) . For example, resin acids are found in the colloidal and particulate phase fractions of thermal mechanical pulp mill effluents (Magnus et al. 2000; Hoel and Aarsand 1995) . Thus, in this paper, information is provided about the nature of colloids and particulates in log sort yard runoff that is important for planning remediation strategies. At some sorts, if space allows, primary treatment settling lagoons may be an option. Thus, also characterized was suspended material from a lagoon at one of the log sort yards to compare properties of fresh and primary-treated runoff. In addition, laboratory tests were performed to determine potential mechanisms of primary treatment and their rates.
Materials and Methods

Sampling of Log Sort Yard Runoff
Samples of log sort yard runoff were collected from three different locations in southwest B.C. on the Sunshine Coast (Howe Sound Sort, Fleetwood Forest Products and Terminal Forest Products) between October 25, 2002, and August 28, 2003 . Samples were taken directly from the deck prior to collection in a catch basin or discharge to surface water during storm or sprinkling events. Each of the three sites was located adjacent to the body of water known as Howe Sound that separates West Vancouver from the Sunshine Coast. At each site, logs are unloaded on land (by truck) or from water (log booms), stored and processed on open, paved decks. At all sites, pavement runoff was directed through an oil/grease water separator prior to discharge. In addition, Terminal Forest Products collects runoff into a catch basin from which it is pumped to a nearby holding lagoon of approximately 400 m 3 (2 m deep), followed by a small wetland treatment system before being discharged to the tidal waters of Howe Sound. One sample was collected from this lagoon, which functions in part as a flow equalization lagoon and as primary treatment. The dominant wood species sorted on each site at the time of sampling were Douglas fir (Pseudotsuga menziesii) and hemlock (Tsuga heterophylla). Runoff samples were collected in acid-washed 2-or 4-L plastic containers after rinsing with an aliquot of runoff sample. Samples were then stored in open containers, covered with sterile cheesecloth to prevent possible increase in total gas pressure (TGP) and stored at 4ºC to prevent sample alteration until analysis was performed. To minimize the physiochemical and/or microbial alteration of samples over time, all initial characterization analyses were performed and completed within 4 days of sample collection. The actual site location of each sample cannot be identified for privacy reasons.
Analytical Methods
Samples were characterized for five-day biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total suspended solids (TSS), pH, turbidity, metals/cations (Al, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, P, Si, Sr, S and Zn), particle size analysis (PSA), transmission electron microscopy with electron dispersive X-rays (TEM-EDX) and heterotrophic plate count (HPC). The five-day BOD test was performed on triplicate samples in accordance with standard methods (Greenberg et al. 1992) . Three litres of dilution water was bubbled with an aeration stone for 1 h prior to use. One nutrient buffer pillow and BOD seed (VWR, Mississauga, Ont., Canada) were added to 500 mL dilution water. Runoff samples were diluted between 2 and 40 times (v/v). Samples were incubated at 20ºC for 5 d in 300-mL standard BOD bottles. Dissolved oxygen was tested before and after incubation.
Chemical oxygen demand was used as an indirect measurement of the gross amount of organic material. Non-organic material may contribute to COD, but this was assumed to be minimal compared with the contribution from organic compounds. Although most aromatics or straight-chain aliphatics are not oxidized during the COD test, it was chosen over BOD5 and TOC as an approximation of organic carbon throughout the fractionation process for its comparative rapidity of measurement and ability to detect, on average, 95% of the organic carbon present in solution. Chemical oxygen demand analysis was performed in triplicate using the closed reflux-tube method (Greenberg et al. 1992) . COD solutions were made by combining 0.5 mL of sample, 0.5 mL dH2O, 1.2 mL of 0.04 M potassium dichromate and 2.8 mL 0.02 M silver sulfate dissolved in 25% H2SO4. Solutions were digested in closed tubes at 150ºC in a heating block for 2 h. Adsorbance relative to a Lamotte (Chestertown, Md., U.S.A.) COD standard preparation was determined at 600 nm on a Lamotte spectrophotometer.
Total suspended solids were determined by vacuum filtration through Whatman (Florham Park, New Jersey, U.S.A.) 1.2-µm glass filter (GF/C) standard filters and dried at 105ºC. The mass of filter papers was measured before and after filtration. The pH was measured using a VWR SympHony SB20 pH meter (VWR Scientific). Turbidity was measured using a Lamotte SMART colorimeter and expressed in formazine turbidity units (FTUs) over a wavelength range of 430 to 620 nm.
The concentrations of metals/cations were determined after 100 mL of sample was digested in aqua regia: 2 mL of 50% HNO3 and 1 mL of 50% HCl. This reaction was conducted at 85ºC for 16 h or until the volume reached 10 mL. The solution was then covered and refluxed for 1 h. Samples were vacuum-filtered through Whatman GF/C filters and analyzed by inductively coupled plasma, atomic electron spectroscopy (ICP-AES) in flame ionization mode by NorWest Laboratories, Inc. (Langley, B.C., Canada).
Particle size analysis (PSA) was performed using the Malvern (Worcestershire, United Kingdom) Mastersizer 2000. Solutions were analyzed by light scattering over the size range of 0.02 to 2000 µm at a refractive index for wood particles in solution of 1.33. Transmission electron microscope energy-dispersive X-ray analysis (TEM-EDX) was performed using a Hitachi (Tokyo, Japan) H800 Scanning Transmission Electron Microscope. Liquid samples were deposited and dried on carbon-coated, Cu 200 mesh microgrids and viewed at 100 kV. Serial dilutions of 2, 10, 100 and 200× were made in order to discern individual colloids entrapped by ultracentrifugation onto microgrids.
The heterotrophic bacteria population was assessed by heterotrophic plate count (HPC) and conducted by aseptically plating serial dilutions of runoff samples onto BBL (BD-Canada, Oakville, Ont.) standard methods agar composed of 5.0 g pancreatic digest of casein, 2.5 g yeast extract, 1.0 g dextrose and 15.0 g agar. In total, 1 mL of each sample was plated over the dilution range of 100 to 10 7 . Plates containing between 30 and 300 colony-forming units per mL (CFU mL -1 ) were counted as viable numbers and the true concentration of cells was estimated.
Fractionation and Characterization
Filtration is the most common fractionation technique employed, however it can be error-prone due to coagulation of colloids at membrane surfaces (Schafer et al. 2000) . Samples that contain a significant particulate fraction (particles >1.2 µm) will quickly mat filters and block smaller particles from passing through, thus also counting colloidal particles as non-filterable residue (NFR). For this reason a successive centrifugation cascade was chosen to first remove larger particles, followed by ultracentrifugation to embed the remaining colloids onto a viewable microgrid separating the colloids from the dissolved phase. Fractions were designated as: particulate, colloidal and dissolved, with the dissolved material being defined in this study as that material remaining in the aqueous phase after ultracentrifugation. This is different from Standard Methods, where "dissolved material" is assumed to be material having passed through a 1.2-µm filter.
Fresh samples were stored overnight at 4ºC prior to analysis to allow for settling of large particulates and woody fibres under gravity. Aliquots were pipetted off the top of the sampling containers in order to exclude the settled materials from the analysis. A flow diagram for the fractionation experiment is presented in Fig. 1 . Five hundred millilitres of this crude sample was centrifuged in ten 50-mL Falcon tubes at 290 g at 25ºC for 30 min using an Eppendorf (Hamburg, Germany) 5810 R centrifuge. The supernatant containing the dissolved and colloidal fractions was carefully pipetted off (supernatant 1) (450 mL). Two hundred millilitres of supernatant 1 was set aside for COD, metal/cation and TEM-EDX analysis. The rest of supernatant 1 was ultracentrifuged for 14 h using a Sorvall RC 80 (Thermo Electron Cooporation, Waltham, Ma., U.S.A.) with a Beckman (Fullerton, Ca., U.S.A.) SW 40 Ti rotor at 1.6 × 10 5 g at 4ºC directly onto carbon-coated, microgrids. The resulting supernatant 2 was assumed to contain the dissolved constituents. The difference in COD and metal/cation contents between the fresh sample and supernatant 1 represented the COD and metal/cation contents of the particulate fraction (pellet 1). The difference between COD and metal/cation contents of supernatants 1 and 2 represented the COD and metal/cation content in the colloidal (pellet 2) phase. It was estimated that the particulate fraction would be greater than 2 µm, the colloidal fraction would be between 20 nm and 2 µm, and the dissolved fraction would be less than 20 nm based on the minimum diameters of particles that will sediment under centrifugation (Perret et al. 1993) .
Fresh sample and supernatant from each centrifugation step were measured for chemical oxygen demand (COD), metals/cations (using ICP-AES) and morphologically (TEM-EDX).
Primary Treatment Assessment
Fifty-millilitre Falcon tubes of sample runoff stored at 4 and 25ºC were analyzed for total and supernatant COD over time for 13 d. Another sample was settled at 4ºC for 36 d. This was done to see if any pretreatment of runoff in the form of settling or biodegradation would occur during static storage. At various time points, two 50-mL Falcon tubes were sacrificed for sampling. Supernatant was drawn off one tube, mixed and analyzed for supernatant COD and the second tube was mixed and solution removed for total COD. Triplicate Falcon tubes were processed for each data point.
Results and Discussion
Chemical oxygen demand, pH and sample appearance (colour as judged by the eye) are given in Table 1 . Samples 1 to 3 and 5 were collected during rainfall events and had CODs ranging from 346 to 1260 mg L -1
. Of these, sample 3 was particularly high in COD (1260 mg L -1 ) as it was collected during the first hour of a rainfall event following a month-long dry period. This sample was used for the characterization study but it is recognized that characteristics, and in particular strength of first flush sample, can be significantly more concentrated than samples taken after a prolonged period of rainfall or irrigation. Due to the remoteness of the sampling sites, it was difficult to repeat first flush sampling during a natural rain event. Therefore, samples 6 to 12 were collected during the first flush of the log sort yard deck runoff with sprinkler water (sprinkler runoff). These samples collected from sprinkler runoff had CODs ranging from 1115 to 3690 mg L -1 . Samples 7 and 9 were used for the primary treatment study, and the other samples were used for a separate study on sand filtration treatment of log sort yard runoff (Doig 2005) . Although log sort yard runoff is not currently regulated, COD values measured are in excess of the values for high strength untreated domestic wastewater and must most likely be an environmental concern to receiving waters.
Fractionation of log sort yard runoff sample 3 was performed to determine the nature of the colloidal and particulate fractions. Sample 4, taken directly from the Terminal Forest Products lagoon, was also fractionated to see how its properties differed from the fresh runoff. In addition to settling, phase partitioning and particle transformation through biological or chemical processes may occur in lagoons. Phase partitioning may cause the release of toxic substances such as metals or resin acids into a more mobile phase, for example the colloidal or dissolved phase. Secondly, microbial processes in the lagoon may break larger particles down into smaller ones that may be difficult to remove in downstream filtration. Observations from this study found that fresh ) and relatively low pH from 4.5 to 5.0. The BOD5 of the fresh runoff sample was 336 ± 16 mg L -1 indicating a medium potential for biodegradability (BOD:COD equal to 0.27). According to Metcalf and Eddy Inc. (2003) , the BOD:COD ratio of 0.1 is low and that of 0.5 is relatively high. The primarytreated sample had a strong methane or sulphur smell (typical of anaerobic degradation), opaque black appearance, relatively low COD (378 mg L -1 ) and pH somewhat higher at 5 to 6. The BOD:COD ratio for the primary-treated sample was 0.17 (BOD5 = 66 ± 13 mg L -1 ), exhibiting a relatively lower potential for further aerobic biodegradation. The low COD of the primary-treated sample versus the fresh runoff suggested that some COD removal may be achieved in a primary treatment lagoon on site, thus settling and biodegradation of log sort yard runoff was further investigated in the laboratory.
Images of fresh and primary-treated samples at 2.5K magnification are shown in Fig. 2 and 3, respectively. Typical particle structures observed in the fresh sample were 5 to 10 µm in mean diameter, whereas those observed in the primary-treated sample were much smaller at 1 to 2 µm in mean diameter. The persistence of small aggregate structures only, in the primary-treated sample, is likely due to microbial degradation, sedimentation and/or dissociation of large aggregates. Elemental compositions of aggregate structures in each sample, determined using EDX, are given in Table 2 . A typical 10 µm fresh runoff particle contained 16.5 weight percent (wt %) of aluminum, calcium, iron, magnesium and silicon, most likely as bound ions or oxides. The wt % of oxygen was 39.3%, which may have been organic or inorganic such as aluminum-, silicon-or iron oxides. The remaining elemental composition was assumed to be carbon (44.2% calculated by subtraction). The wt % distribution of inorganic ions in a typical 2-µm primarytreated sample particle was 17.6%. This was quite similar to that of the fresh particulate. In contrast, the wt % of carbon (14.1%) in the primary-treated sample was much lower indicating that these particulates were mostly inorganic. This result is expected, as the primarytreated sample appeared to be highly degraded of organic carbon indicated by its relatively low BOD, COD and biodegradability.
The colloids of both samples (fresh and primarytreated) were viewed on microgrids after removing the particulate and dissolved phases. TEM images of the colloidal fractions of fresh and primary-treated samples at 10K and 7K magnification, respectively, are shown in Fig. 4 and 5, respectively. Morphologically, colloids in the fresh sample were predominantly heterogeneously shaped particles including some aggregated structures. In addition to sphere-shaped particles, long, string-like particles between 5 and 10 µm in length were abundant. The string-like particles likely included woody polymers and biopolymers. Microorganisms were also observed in the fresh runoff sample colloids TEM image, which did not sediment under the first round of centrifugation (which pelleted most particles with a mean diameter of >2 µm) due to their low relative density. None of these string-like particles were observed in the primary-treated sample suggesting that they had either sedimented out of solution, been degraded into smaller particles or in the case of microorganisms were not a dominant part of the solution in the storage lagoon. In contrast, the primary-treated sample colloids were predominantly homogenously shaped particles, with a relatively low degree of aggregation. Both samples had particles in the size range of 5 nm up to 2 µm. Elemental analysis using EDX was carried out for typical particles in each of three size ranges: 5 nm to 0.5 µm, 0.5 to 1 µm and 1 to 2 µm (Tables 3 and 4 for fresh and primary-treated samples, respectively). The EDX analysis of the fresh runoff colloids in the three different size ranges generally showed chemical uniformity amongst all fractions. Primary constituents were mostly oxygen and carbon with silicon the next most abundant element, most likely as silica dioxide. The larger 1-to 2-µm particles scanned contained more iron and aluminum than the smaller particles. Typical long, thin particles greater than 1 µm in length were entirely organic (EDX analysis not shown). The EDX analysis of primary-treated colloids revealed three quite different colloid types. Particles in the size range 5 nm to 0.5 µm were the most abundant colloids observed and were mostly organic. Particles in the 0.5 to 1.0 µm sub-range contained mostly oxygen, carbon and silicon and were most likely inorganic/organic heteroaggregates with bound SiO2. The colloids analyzed in the sub-range of 1 to 2 µm were predominantly inorganic aggregates. As observed with particulates in the unfractionated primary-treated TEM-EDX analysis, the organic carbon concentration in larger particles was relatively 42 Doig et al. 1 µm 1 µm low. The persistence of abundant organic particles around 5 nm suggests that most of the more readily biodegradable organics, such as large biopolymers, were degraded into smaller fractions. These particles were most likely humic compounds, the end products of microbiological degradation, which bear few available reactive groups and tend to persist in solution (Buffle et al. 1998) .
To supplement the TEM-EDX analysis, COD and metal analyses using ICP-AES were performed on all fractions. Figures 6 and 7 ). Colloidal aluminum (Al2O3) has a higher pH at the point of zero charge (pHpzc) (~9.5) than colloidal iron (Fe2O3, FeOOH) and is subsequently more positive at pH 5 (pH of primarytreated sample) (Buffle et al. 1998) . Thus, aluminum is expected to have more surface coverage with negatively charged organic colloids relative to iron and consequently elude reduction and dissolution into the dissolved phase. The substantial presence of aluminum in the colloidal fraction is potentially highly significant due to the known toxicity of this element at low pH and its effect on fish gills. In particular, precipitation of aluminum on the fish gills is known to cause suffocation (Spry and Wiener 1991) . The relatively lower concentration of particlebound silicon may simply be explained by the lower concentration of particles in solution and the consequent tendency for particles to diffuse and disperse in solution if given the space (Harris 1995) .
The dissolved phase of both samples contained high concentrations of cations, such as Na, K, Ca and Mg, typical of brackish waters (Manahan 2000) . All of these cations were located in the dissolved phase of the primary-treated sample. However, a greater percentage (~20%) of these cations were associated with the colloidal phase of the fresh sample. The weight percents of particulate magnesium (7-9%) and calcium (1-2%) reported by EDX analysis for the unfractionated samples were most likely due to formation of salt bridges under the TEM vacuum and not a true report of particulates.
The particulate and colloidal fractions of the fresh sample contained 52 and 39%, respectively, of the total COD (1260 mg L -1 ). In contrast, the particulate and colloidal fractions of the primary-treated sample contained 8 and 84%, respectively, of the total COD (378 mg L -1
). The absence of long, thin biopolymers in the primary-treated sample colloidal fraction may explain the relatively low distribution of COD in the particulate phase. As discussed previously, biopolymers tend to cross-link colloidal particles and consequently form large and settleable particulates. Consequently, these aggregates may have settled out of solution or may have alternatively been biodegraded into humic compounds during storage in the lagoon. Likewise the primary-treated sample contained an abundance of small (5 nm-0.50 µm), spherical, organic particles as shown in Fig. 5 . Considering the evidence of microbial activity in the primary-treated sample (odour, colour, gases and low BOD5) and absence of large biopolymers, these colloids were most likely humic substances.
Humic substances are important in the collection, transportation and partitioning of organic pollutants and metals in natural waters as discussed previously (Perret et al. 1993 ). Thus, it was very interesting to find that most (93%) of the zinc was found in the colloidal fraction of the primary-treated sample (Fig. 7) also was observed to have a high concentration of humic colloids. In contrast, only 18% of zinc was found in the colloidal fraction for the fresh sample (Fig. 6) , which was less degraded, and thus had a lower concentration of humic substances. The distribution of metals between the dissolved and colloidal phases of solution may have important implications for the treatment strategies of log sort yard runoff. The total concentrations of zinc were 1.18 and 0.91 mg L -1 for the fresh and primary-treated samples, respectively, which are approximately two orders of magnitude above the B.C. Water Quality Guidelines limit of 0.030 mg L -1 and thus must be considered as potentially toxic (B.C. Approved Water Quality Guidelines 2001). Total aluminum concentrations in both the fresh and primary-treated runoff samples also were high at 28.7 and 4.54 mg L -1 , respectively. Most of the aluminum was associated with the colloidal and particulate fractions, however the dissolved concentrations still exceeded the B.C. Water Quality Guideline of 0.1 mg L -1 maximum concentration. Based on our characterization of log sort yard runoff from these sites, these effluents likely require treatment before discharge into surface waters. As the majority of the COD was associated with colloids and particulates, effective treatment should focus on removal of these fractions. At some sites that have sufficient surface area, primary treatment of runoff in lagoons may be possible, as is the case on the Terminal Forest Products sort. It was not possible to obtain accurate information on how long the water had been treated in the Terminal Forest Products sort, since flow rates into the lagoon are highly variable and depend on rainfall, spray water and platform wash-down. Some preliminary experiments were performed to measure rates of two potential particle removal mechanisms that could occur during primary treatment: gravity settling and biodegradation. The sample used (sample 9) had a heterotrophic plate count of 1 × 10 7 CFU mL -1
, which supported the hypothesis that microbial degradation of organics in the runoff may be possible. Experiments were performed at 4 and 25ºC so as to measure settling rates with and without bacterial activity. As seen in Fig. 8 , there was no statistically significant change in total COD over the storage period at 4ºC indicating that little or no biodegradation occurred at this temperature. By day 3, most of the settleable solids had settled out removing 20% of the supernatant COD. However, since most of the original COD remained in suspension the supernatant would still require treatment before discharge. In contrast, when stored at 25ºC, by day 3, 29.6% of the total COD had been removed, presumably due to aerobic or anaerobic biodegradation. Thus, bacteria present in the runoff are capable of degrading the organic compounds present. However, beyond three days there was no further noticeable reduction in total COD suggesting that not all the COD was biodegradable. The amount of settled solids (total COD minus supernatant COD) continued to increase beyond day 3 and by day 6, 37.4% of the total COD was contained in the settled material. Thus, the combination of settling and biodegradation at 25ºC resulted in 67.1% removal of supernatant COD after 12 days storage. The final supernatant COD was 533 mg L -1 . The PSA of another log sort yard runoff sample (sample 7, COD = 2870 mg L -1 ) revealed that 75%(v) of the particles were greater than1 µm in size (Fig. 9) in the fresh sample. This was found by dividing the area under the curve in Fig. 9A for particle sizes greater than 1 µm by the total area under the curve. After a long period of settling (36 d) at 4ºC, 54.4% of the initial COD had settled to the bottom of the container and of the remaining suspended solids, 59.5%(v) were greater than 1 µm (Fig. 9B) showing a persistence in suspension of these particulates. In addition, a second peak on the particle size distribution histogram suggests that, over time, larger particle flocs are forming that do not settle.
Thus, primary treatment of log sort yard runoff would occur in storage lagoons if space was available to accommodate them. However, it is likely that the supernatant would still require further treatment to remove COD. The final COD of 533 mg L -1 obtained in our primary treatment experiment is still regarded as that equivalent to a medium to high strength untreated domestic wastewater (Metcalf and Eddy Inc. 2003 ). In addition, as seen in the analysis of the Terminal Forest Products lagoon sample, organic material is degraded into small (5 nm-0.5 µm) humic substances that may be difficult to remove in downstream treatments such as filtration. At Terminal Forest Products' sort, further treatment is provided by passing the effluent through a small wetland. The quality of this effluent was not investigated as solids, which may be contained in it, may not or only partially originate from the pavement runoff, and thus are outside the scope of the study objective. 
Conclusions
Log sort yard runoff COD strength varied from 346 to 3690 mg L -1 over 12 samples collected from 3 sites. Over 90% of this COD was found in the suspended particle phases. Since previous work has found toxicity of wood waste effluents to be associated with suspended particles, specifically resin acids (Hoel and Aarsand 1995; Magnus et al. 2000) or metals, it was the purpose of this study to investigate some of the physiochemical properties of log sort yard runoff suspended and colloidal particles in both fresh and primary-treated samples in order to elucidate conditions that could be potentially exploited in a comprehensive treatment process.
A fresh log sort yard runoff sample with a COD of 1260 mg L -1 was predominantly composed of particulates up to 5 to 10 µm in mean diameter, including long, string-like biopolymers. In contrast, the primary-treated log sort yard runoff sample with a lower COD of 378 mg L -1 , was composed of mostly smaller (1-2 µm) particulates and colloids that appeared to be of a highly degraded nature. Size fractionation and chemical analysis showed that the fresh sample contained 52% particulate COD and 39% colloidal COD (9% dissolved), whereas the primary-treated sample contained 8% particulate COD and 84% colloidal COD (8% dissolved). TEM-EDX analysis of the colloidal phase of the primarytreated runoff indicated the presence of inorganic colloids and humic substances. Both entities are important factors in the phase partitioning and transport of pollutants.
Concentrations of zinc for the fresh (1.18 mg L ) and thus pose an environmental concern (B.C. Approved Water Quality Guidelines 2001). Upon fractionation of the primary-treated log sort yard runoff sample, 93% of the zinc was found in the colloidal phase (7% dissolved). In contrast, the fresh sample contained 18% colloidal zinc (92% dissolved) suggesting that perhaps the degradation of log sort yard runoff particulates into colloidal particles causes the formation of particle-metal complexes. This would certainly reinforce that the small (5-50 nm) organic particles seen in the primary-treated sample were humic substances as heavy metals such as aluminum, copper and zinc are known to readily adsorb to their surfaces. Although metals seemed to persist after primary treatment of log sort yard runoff, the organic loads were significantly decreased when compared with untreated sample, suggesting that primary treatment for removal of COD may be an important component of a treatment process.
Accordingly we performed some preliminary experiments to measure rates of two potential particle removal mechanisms that could occur during primary treatment: gravity settling and biodegradation. In this study, log sort yard runoff stored at 4 and 25ºC for 13 d, lost 439 and 405 mg L -1 COD (~25% of 1620 mg L -1 COD), respectively, to gravity settling. Storage at 25ºC caused the loss of an additional 682 mg L -1 COD (~33% of 1629 mg L -1 COD) illustrating that biodegradation was an important component of the primary treatment process. These results confirmed that primary treatment both by settling and biodegradation is an important first step for log sort yard runoff COD removal. However, the final COD of 533 mg L -1 obtained in our primary treatment experiment is still regarded as that equivalent to a medium to high strength untreated domestic wastewater. Furthermore, as seen in the analysis of the Terminal Forest Products lagoon sample, there is the persistence of both small (5 nm-0.5 µm) organic colloids and metals in the aqueous phases, suggesting that further treatment may be required. Substitution of primary settling treatment with filtration would provide a better treatment since removal of the colloids and particulates would result in 90% removal of COD. Fresh runoff particles were larger and presumably would be more easily filtered than primary-treated suspended particles.
We did not, however, investigate the nature of the dissolved organic compounds that contribute to ~10% of the COD. These likely include carbohydrates, phenolic substances, terpenes, alcohols, proteins and inorganic compounds (McDougall 1996) . What potential effects the dissolved organic material in log sort yard runoff from the Sunshine Coast sites can have on receiving waters and if they require removal still needs to be determined. Fig. 9 . Particle size distribution of suspended particles in (A) fresh log sort yard runoff sample 7 and (B) log sort yard runoff sample 7 after 36 days of settling at 4ºC.
